S mall molecular osmolytes are used in nature to regulate the stability of solvated protein structures. Disaccharides such as trehalose and sucrose have attracted much attention because they appear unique in protecting biological organisms from diverse physical stresses including cryogenic storage, 1,2 elevated temperature, 3, 4 dehydration, 5 and excess salinity. 6 This property has led to the widespread use of disaccharides in the cosmetic, food, and pharmaceutical industries. Although the efficacies of disaccharides in biopreservation are well-established, the molecular mechanisms that stabilize cellular structure and function are less clear. 7 The biopreservation properties of disaccharide osmolytes are often attributed to their waterstructuring capabilities. 8, 9 To explore the chemical and structure−function relationship of disaccharides more thoroughly, we chose to investigate the stability of model protein systems in the presence of both sucrose and the unnatural sugar replacement, sucralose.
Very little has been reported about the interaction of sucralose with biomolecules; however, concern is rising over its accumulation in the natural environment as its synthetic nature ensures it is not readily metabolized. 10−17 It is widely believed that because of its low bioavailability any presence in the environment would have minimal impact; however, as has been recently shown for animal studies, 14, 17, 18 and as we demonstrate in this work, sucralose can interact strongly with biomolecules. We compare its physical interactions with those of the natural disaccharide sucrose. The structure of each molecule is displayed in Scheme 1.
We chose two well-characterized model protein systems to investigate the impact of protein structural stability. Bovine serum albumin (BSA) is well-established as a model protein for structural investigations due to its low cost, abundance, wellestablished structural characterization, homology with the human serum albumin, and its well-known binding properties. 19 BSA is a highly helical globular protein system that exhibits a stable native structure at room temperature in solutions near physiological pH and salt concentrations. Staphylococcal nuclease (SN) is an endoexonuclease that preferentially digests single-stranded nucleic acids, which is easily expressed at high purity from E. coli. 20, 21 SN exhibits a far more flexible structure, which includes both helical and β-sheet domains. 22 By comparing the stability of these two systems in the presence of our disaccharide and artificial sweetener, we can generalize the interaction to be nonsequence specific.
Circular dichroism (CD) spectroscopy was used to determine the melting temperature of the proteins in the presence of increasing disaccharide or artificial sweetener concentration. Our results indicate that the protein structures are destabilized with increasing sucralose concentration. To further isolate the physical origin of this effect, we employed time-resolved and steady-state fluorescence spectroscopy using the probe biomolecule, tryptophan. On the basis of these biophysical assessments, we attribute the protein destabilization observed to strong electrostatic interactions arising from the highly polar nature of sucralose. These strong interactions can have important implications for the bioavailability and fate of such molecules in natural systems.
Thermal Unfolding of Protein Samples. The CD spectra of BSA and SN samples at low temperatures (5 to 25°C) show a high helical content consistent with their native structures. Thermal denaturation curves are shown for BSA (panel a) and SN (panel c) in the absence of any disaccharide (Figure 1 ). The characteristic double minima at 208 and 222 nm exhibited by helical proteins are observed at low temperatures and are reduced as temperature is elevated. Monitoring the ellipticity observed at 222 nm reveals structural unfolding for both BSA (panel b) and SN (panel d). Because of the high stability of the BSA globular structure, complete melting could not be obtained; therefore, for the purpose of fitting, the fully denatured ellipticity is set using the CD spectra from aciddenatured BSA at pH 1.7.
The melting temperature was determined from the inflection point arising from sigmoidal fitting of the ellipticity at 222 nm as a function of the temperature. The melting temperatures as a function of sugar and sweetener concentration are shown in Figure 2 . Sucrose demonstrates a slight increase in melting temperature with concentration, consistent with its characterization as a naturally occurring kosmotrope. 23 In contrast, sucralose strongly decreases the melting temperature as a function of concentration. Even at room temperature, the structure exhibits a linear decrease in ellipticity, indicating that sucralose is destabilizing the native structure of both proteins. To further explore the physical origin of this effect, we 
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Letter considered the chemical and physical differences between the two molecules. The halogenation of sucrose alters the electrostatic dipole moment from approximately 2.8 to 4.6 D (calculated using density function theory and B3LYP; standard basis sets from 6 to 311G++ were used) and alters the hydrogen bonding capacity of the molecule. We have previously observed the change in hydration around halogenated biomolecules. 24 To investigate how these changes may alter bimolecular interactions, we measured the concentration-dependent interaction with the intrinsically fluorescent biomolecule, tryptophan. We measured steady-state absorption and fluorescence emission spectra for sucrose and sucralose solutions containing 3 mM of tryptophan. No change in the spectra, the total Stokes shift, or the lifetime of tryptophan was observable for any cosolute concentration. The lack of any spectral shift in the presence of either sucrose or sucralose indicates that there is no direct interaction between the sweeteners and the probe molecule. This is consistent with sucrose's role as a nonspecific osmolyte that only stabilizes proteins through solventmediated, indirect interaction. 23 For sucralose, this implies that any interaction between the probe and the cosolute must occur during the nonequilibrium interactions introduced by the excited state of the probe. The lack of apparent changes in either the absorption or emission spectra suggests that with the interactions are transient and sucralose is not directly interacting with tryptophan.
Further studies on the long-range interactions were probed using time-resolved techniques. The rotational diffusion of a fluorescent molecule (tryptophan) in solution with and without disaccharide was measured by time-resolved anisotropy and compared with the predicted correlation times given by a Stokes−Einstein−Debye (SED) rotational diffusion model. The SED model predicts the rotational diffusion of a spherical molecule will be proportional to the viscosity of the medium according to
where η is the viscosity of the fluid and r is the radius of the molecule. 25 This model has been verified for a wide range of probe molecules and solvents. Corrections for the shape of the molecule can be introduced to improve the accuracy of such predictions.
We fit the rotational correlation decays with a stretched exponential model as the dynamics for sucralose concentration appear heterogeneous at all concentrations and cannot be fit with a single exponential model. Values for the fits are given in Table 1 . The rotational correlation time as a function of increasing solution viscosity (η) is shown in Figure 3 . Included in this plot is the predicted diffusion time from a SED model based on the measured viscosity of the samples. The rotational correlation was measured at the same temperature, T, at which the viscosity was measured. For sucrose we note a fair agreement with prediction for the entire range of concentrations.
For sucralose samples the rotational diffusion of tryptophan strongly deviates from a SED diffusional model at all concentrations, although the measured viscosity of the sample remains virtually indistinguishable from sucrose solutions at the same concentrations. We interpret this divergence as the influence of the long-range dipolar interaction of sucralose molecules in solution with the excited state of tryptophan because the only observable difference between sucralose and sucrose occurs during the nonequilibrium transient state immediately after excitation. The dipole moment of sucrose (at 3.1 D) 26 does not appear to influence the rotational diffusion of tryptophan apart from the increase in bulk viscosity. Sucralose has a dipole moment that we calculate to be ∼2.5 times that of water (at 4.6 D), and the electrostatic interactions between the probe molecule and the cosolute appear to become significant. The presence of such long-range electrostatic interactions also explains the necessity for a stretched-exponential model in fitting the rotational correlation relaxation. The rotational diffusion of a tryptophan molecule will be slowed by electrostatic drag by the nearest neighbor cosolute interactions. The heterogeneity reflects the random distribution of sucralose around tryptophan in the ground state, which is further verification that no direct interaction between this specific probe and the cosolute exists in the equilibrium state. This random arrangement creates a distribution of nearest-neighbor distances between solute and cosolute; therefore, because dipolar interactions drop off as 1/r 6 , the force exerted on individual tryptophan molecules is inhomogeneous and the observed relaxation times are heterogeneous. This observation adds to the increasing number of ionic and polar systems exhibiting diffusion, which is inconsistent with a simple SED diffusional model.
27−31
The large electrostatic drag results in a rotational diffusion of the probe molecule that is strongly dependent on sucralose concentration. This results in a fractional diffusion dependence that is commonly observed for systems exhibiting heterogeneous diffusion. 32 This form of strong electrostatic interaction may be responsible for the destabilization of the native structure observed and reduction of the melting temperature. The sucralose is likely interacting with polar and charged portions of the protein structure in a manner consistent with known chemical denaturants such as urea. Whereas sucralose only interacts with our probe molecule in its transient excited state, it is anticipated that sucralose would interact strongly with the permanent dipole moments of polar residues as well as the charged amino acids and possibly the protein backbone. It is interesting to note that urea that is known to destabilize protein structures via electrostatic interactions 33 also has a dipole moment of ∼4.5 D, similar to the value we calculate for sucralose. This behavior is in direct contrast with the biopreservation properties of sucrose that does not exhibit strong electrostatic interactions. These biophysical studies of sucralose reveal strong biological interactions, the consequences of which are important to consider in the context of bioavailability and its interaction with bio-organisms.
■ EXPERIMENTAL DETAILS
Sample Preparation. Bovine serum albumin (98% purity) and sucralose (98%) were purchased from Sigma-Aldrich, tryptophan (99%) from Acros Organics, and sucrose (99%) from Alfa Aesar and were used without further purification. A 0.05 M NaH 2 PO 4 buffer solution with pH 6.8 was prepared using ultrapure water. BSA concentration of 1 μM was prepared with various concentrations of disaccharides ranging from 0 to 1 M for sucrose and 0 to 0.50 M sucralose (very close to the solubility limit for sucralose). Samples were stored at <4°C prior to use. SN was expressed and purified using the method described by Shortle and Meeker 34 with modifications outlined by Byrne et al. 35 Protein concentration was determined to be 23.0 mg/mL using the extinction coefficient ε280 = 0.93 mg/ mL·cm 2 . 34 SN samples were stored at −80°C in water and thawed and adjusted to final concentration 1 mg/mL just prior to melting temperature measurements.
Circular Dichroism. The CD melting measurements are conducted on a Jasco spectropolarimeter (model J-810, Jasco International, Tokyo, Japan). A 2 mm path-length quartz cuvette was used for all CD measurements. Thermal denaturation was measured from 5 to 95°C, taking CD scans at 5°intervals. The data were taken in triplicate with each experiment containing three identical solutions and one reference buffer containing the same concentration of sugar. The buffer spectra are then subtracted from the sample spectra at each temperature. The melting temperature of the protein is determined by fitting a sigmoidal curve to the ellipticity at 222 nm using Microcal Origin 8. The final melting temperature is defined as the point of inflection in the fitting.
Time-Resolved Fluorescence Anisotropy. Steady-state fluorescence and UV−visible absorption spectroscopy are measured for all sugar concentrations. UV−visible absorption spectroscopy was measured on a PerkinElmer spectrophotometer. Steady-state fluorescence was measure on a Spex Fluoromax fluorometer using excitation at 295 nm with a 5 nm bandwidth. No change in the spectra, the total Stokes shift, or the lifetime of tryptophan was observable for any cosolute concentration. (See Figure S1 in the Supporting Information.) An example spectrum for 0.1 M is given in the Supporting Information.
Time-Resolved Fluorescence Spectroscopy. Excitation of tryptophan at 295 nm, for time-resolved measurements, was accomplished using the tripled output of a tunable Ti-sapphire oscillator (Coherent Chameleon Ultra II, pulse length 140 fs). The repetition rate was decreased to 10.6 MHz using a Conoptics pulse selector. The light was attenuated to 1.5 mW before illuminating a 1 cm path length cuvette. The temperature of the cuvette is maintained at 23°C via a circulating water bath and monitored using a thermocouple probe. Light was collected at a right-angle geometry. The signal is detected at 410 nm and passed through a precision linear polarizer (BK 7 material, λ/10 flat), focused on to the input slit of a Jerrell Ash (82-410) monochromator and onto a singlephoton avalanche photodiode (id100 ID Quantique). Signal output from the avalanche photodiode and a synchronization signal were fed into a time-correlated single photon counting (TCSPC) module (Becker-Hickl SPC-130 TCSPC). The system resolution was characterized by measuring the fwhm of the Raman scattering of water. Fluorescence lifetime is detected at the magic angle at wavelengths across the fluorescence spectrum (data not shown). The lifetime is determined by global fitting analysis and was found to be identical for sucrose and sucralose solutions and to be consistent with values found for tryptophan in the literature.
The rotational diffusion and mobility of the fluorescent probe is monitored by calculating the anisotropy
where I || is the signal intensity with polarization parallel to the excitation polarization, I ⊥ is the signal intensity with polarization perpendicular to the excitation polarization direction, and G represents the correction factor for the detector and monochromator sensitivity to different polarization orientations. The G factor for the system was determined experimentally by the tail matching method. Time-resolved anisotropy decay represents the rate of reorientation of the excitation dipole moment with respect to the excitation polarization vector, assuming the angle between the excitation absorption dipole and the emission dipole moment is approximately zero. An example rotational correlation curve is given in the Supporting Information Figure S2 .
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Letter Viscosity Measurements. Viscosity of the tryptophan− disaccharide samples were measured using a Brookfield DV-2+ Pro viscometer with a cylindrical spindle (LV1) at 60 rpm. An 80 mL freeze-dry flask was used as a container for all measurements. The temperature of the room and solutions was maintained at 23.5 ± 0.5°C. The spindle was given at least 2 min before reaching equilibrium in the solution before viscosity readings were taken. The viscosity pure water was measured as a reference point, and all other measurement values were normalized according to this value. For each species and concentration, four independent measurements were conducted. The measured viscosity of sucrose buffer solutions was found to be consistent with the reported viscosity of sucrose aqueous solutions. 36 The difference between sucrose and sucralose viscosity was small yet detectable and found to be within 7% of each other at all concentrations. The measured viscosity was then used to predict the rotational tumbling time of tryptophan in various disaccharide concentrations using the SED rotational diffusion model.
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Steady-state absorption and emission spectrum and timeresolved fluorescence anistropy. This material is available free of charge via the Internet at http://pubs.acs.org.
